We propose that CaP 3 family of materials, which include CaP 3 , CaAs 3 , SrP 3 , SrAs 3 and BaAs 3 can host a three-dimensional topological nodal line semimetal states. Based on first-principle calculations and k·p model analysis, we show that a closed topological nodal line exists near the Fermi energy, which is protected by the coexistence of time-reversal and spatial inversion symmetry when the band inversion happens. A drumhead-like surface states are also obtained on the c-direction surface of these materials. * Electronic address: yurui@hit.edu.cn † Electronic address: hmweng@iphy.ac.cn 1 arXiv:1608.03172v1 [cond-mat.mtrl-sci]
I. INTRODUCTION
The study of topological semimetals has attracted broad interests from both the theoretical and the experimental communities in recent years. Generally speaking, topological semimetals are topologically stable for their Fermi surfaces enclose nontrivial band crossing points in crystal momentum space. Such band crossing points behave as the monopoles of Berry flux [1, 2] , and bring quantized Berry flux when passing through the surrounding enclosed Fermi surface [1, 3] . This quantized number can be taken as the topological invariant to identify the band topology of corresponding metals. Based on the degeneracy of the band crossing points and its distribution in Brillouin zone, one can classify topological semimetals into Dirac semimetals, Weyl semimetals and nodal line semimetals. For Dirac semimetals, the band crossing points are fourfold degenerate, which can be seen as three dimensional version of Graphene. This novel state has been theoretically proposed and experimentally confirmed in Na 3 Bi and Cd 3 As 2 compounds [4] [5] [6] [7] [8] [9] [10] [11] . For Weyl semimetals, the bands crossing points are double degenerate, with definite chirality and locate at an even number of discrete points in the Brillouin zone, which have been theoretically predicted [12] [13] [14] and experimentally verified in TaAs family of materials very recently [15] [16] [17] [18] [19] [20] . For topological nodal line semimetals [21, 22] , the band crossing points form closed loops instead of discrete points in the Brillouin zone. Now many theoretical proposed materials for realizing this topological states have emerged, including Bernal graphite [23] [24] [25] , Mackay-Terrones crystal [26] , hyper-honeycomb lattices [27] , Ca 3 P 2 [28, 29] , LaN [30] , Cu 3 (Pd,Zn)N [31, 32] , the interpenetrated graphene network [33] , (Tl,Pb)TaSe 2 [34, 35] , ZrSiS [36] , perovskite iridates [37] [38] [39] [40] , CaAgX (X=P,As) [41] and black phosphorus [42] . The intriguing expected properties characterizing topological nodal line semimetals include the drumhead-like nearly flat surface states [26, 31, 32, 43 ], the unique Landau energy level [44] , long range Coulomb interaction [45] , special collective modes [46] and opening an important route to achieving high-temperature superconductivity [47] [48] [49] .
In the present work, based on first-principles calculations and k·p model Hamiltonian analysis, we predict that CaP 3 family of materials are another candidate for topological nodal line semimetals. The rest of the paper is organized as follows. In section II, we present the crystal structure and the first-principles calculation methodology. Then we present the calculated bulk and surface electronic structure of CaP 3 family of materials in Sec. III A. In Sec. III B, an effective k·p model is constructed and the nodal line structure and the surface states are studied from the k·p Hamiltonian. Conclusions are given at the end of this paper.
II. THE CRYSTAL STRUCTURE AND COMPUTATIONAL METHOD
The crystal structure of CaP 3 families can be viewed as a list of two dimensional (2D) infinite puckered polyanionic layers Fig. 1(a,c) ) stacking along the b-axis and forming channels in the a-c direction with the cations inserting into them as shown in Fig. 1(b,d) . The space group of CaP 3 and CaAs 3 is P-1, while SrP 3 , SrAs 3 and BaAs 3 have higher symmetry which is characterized by space group C2/m. The crystallographic data and the atomic coordinates for these materials are listed in Tab. I and II, and the primitive cell illustrated in Fig. 1 (b,d) are used in the following calculations. The first-principle calculations are performed by using the Vienna ab initio simulation package (VASP) based on generalized gradient approximation (GGA) in Perdew-BurkeErnzerhof (PBE) [54] type and the projector augmented-wave (PAW) pseudo-potential [55] .
The energy cutoff is set to 400 eV for the plane-wave basis and the Brillouin zone integration was performed on a regular mesh of 8×8×8 k-points. The band structure here is also checked by the nonlocal Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional calculations. A tightbinding model based on maximally localized Wannier functions (MLWF) method [56, 57] has been constructed in order to investigate the surface states in the c direction. 
III. RESULTS AND DISCUSSION
A. Electronic structure
The band structure of CaP 3 family of materials are presented in Fig. 2 where the spinorbit coupling does not take into consideration. The band structure which is got by GGA calculations show that two bands with opposite parity are inverted around the Y point near the Fermi energy. The symmetry at the Y point are composed of time-reversal symmetry and space inversion symmetry for P-1 symmetry materials and with an additional mirror symmetry for C2/m symmetry materials. As proposed in our early work, in the case of coexistence of time-reversal symmetry and space inversion symmetry, the energy inverted bands with opposite parity should cross along a closed nodal line [26, 31, 42] . The nodal line structures are found lying on the Γ-Y -S plane for SrP 3 , SrAs 3 and BaAs 3 as shown in Fig. 2(a) , while for CaP 3 and CaAs 3 the nodal line is slightly deviate from this plane. We have performed the HSE06 calculations to check the band structure near Y point, which is shown by the red doted curves in Fig. 2(b-f) . We find that only SrAs 3 takes band inverted structure in the HSE06 calculations, while the band energies of the other four compounds 5 are in normal order. Therefore the nodal line structure is survived in the former one, but vanished in the latter four materials. On the other hands, we also find that compressing the lattice volume is benefit for the emerging of the band inversion. The band structures of compressed lattice with HSE06 calculation are shown with blue dashed curves in Fig. 2 .
Therefore the emergence of the nodal line in the latter four materials can be controlled by compressing the crystal lattice.
According to the bulk boundary correspondence, the novel surface states are expected to appear on the surface of materials. In order to calculate such surface states, we construct a tight-binding Hamiltonian for a thick slab along the c-direction by using the MLWF method [56, 57] . The obtained surface states are nestled between two solid Dirac cones as shown in Fig. 3(b-f) , which are the projection of the nodal line circles in the c-direction.
In the above calculations, the spin-orbit coupling are set to be vanished, and the nodal line structure can be found in the Brillouin zone. If we take the spin-orbit effect into consideration, gaps will be opened along the nodal line, and these materials become small gap insulators. The gap values along S − Y and Y − Γ directions are listed in Talbe. III. In this section we investigate the nodal line structure from continuous k·p models. First,
we construct the k·p model near band inversion point from the symmetry principles. Then we calculate the energy dispersions of the surface states by using the obtained k·p Hamiltonian.
The most general form of a two-band model can be written as The C i group contains time reversal symmetryT and space inversion symmetryP . For the C2h group, there is an additional mirror symmetry M :
the two inverted bands has opposite parity and then the inversion operator can be choose asP = σ z . The inversion symmetry constrains the Hamiltonian satisfyinĝ
which lead to that g 0,3 (k) are even function of k and g 1,2 (k) are odd functions of k. On the 8 other hands, the time-reversal symmetry requires that
whereT = K and K is the complex conjugate operator for the spin less case. The requirement lead to that g 0,1,3 (k) are even and g 2 (k) is an odd functions of k. Combining the constraints to g i (k) from time-reversal and space inversion symmetry, we obtain that g 1 (k) = 0, g 0,3 (k) are even functions of k and g 2 (k) is an odd function of k. Keep up to the lowest order of k, we get
For simplicity, the basis vectors in k space are choosing as k a , k b and k c as shown in Fig. 2(a) .
For the P-1 space group materials CaP 3 and CaAs 3 , the parameters in Eq. (1) are independent. For the C2/m space group materials, the mirror symmetry can be chosen asM = σ z , and the mirror symmetry gives an additional constraint to Hamiltonian Eq. (1) The eigenvalues of Eq. (1) are and the angular bisector of k a and k c . The higher order terms, such as the fourth order terms in g 0,3 (k) and the third order terms in g 2 (k) will deform the ellipsoidal surface and bending the plane, nevertheless, the crossing nodal line will not disappear but changes to a three dimensional closed loop as shown in Fig. 1(a) .
In the following content, starting from the k·p model in Eqs. (1) and (4), we present the solutions for the energy spectra of surface states of CaP 3 family of materials. As shown in Fig. 1(b) , we consider a surface terminated in c direction. In this case, k c is perpendicular to the surface and k a,b are parallel to the surface. Following the method proposed in Ref.
[58], the Dirac Hamiltonian in Eq. (1) can be written as
where σ = (σ 1 , σ 2 , σ 3 ), where
The behavior of h(k) completely determines the topological nature of the system and it is the key to understand the relation between existence of surface states and bulk topological 
The energy of the surface states (located on the surface of a semi-infinite slab with r c ≥ 0)
can then be calculated as
As expressed in Eq. Whereas the topological trivial term g 0 (k) in Eq. (6) will introduce a finite dispersion and finally lead to a drumhead-like surface sates as shown in Fig. 3 .
IV. CONCLUSION
In summary, we propose that the 3D topological nodal line semimetal states can be realized in CaP 3 family of materials. A closed nodal line is found near the Fermi energy, and this is protected by time-reversal and inversion symmetry with band inverted in the bulk band structure. The 2D drumhead-like surface states nested inside the closed nodal line are studied in the c-direction by using tight-binding method and k·p model analysis. Its nearly flat energy dispersion is an ideal playground for many interaction induced nontrivial states, such as fractional topological insulator and high-temperature superconductivity.
